Over the past several years there has been a rapid advancement in solid state lighting applications brought on by the development of high efficiency light emitting diodes. Development of lighting devices, systems and products that meet the demands of the future lighting marketplace requires workers from many disciplines including engineers, scientists, designers and architects. The National Science Foundation has recognized this fact and established the Smart Lighting Engineering Research Center that promotes research leading to smart lighting systems, partners with industry to enhance innovation and educates a diverse, world-class workforce. The lead institution is Rensselaer Polytechnic Institute with core partners Boston University and The University of New Mexico. Outreach partners include Howard University, Morgan State University, and Rose-Hulman Institute of Technology. Because of the multidisciplinary nature of advanced smart lighting systems workers often have little or no formal education in basic optics, lighting and illumination. This paper describes the initial stages of the development of self-contained and universally applicable educational modules that target essential optics topics needed for lighting applications. The modules are intended to be easily incorporated into new and existing courses by a variety of educators and/or to be used in a series of stand-alone, asynchronous training exercises by new graduate students. The ultimate goal of this effort is to produce resources such as video lectures, video presentations of students-teaching-students, classroom activities, assessment tools, student research projects and laboratories integrated into learning modules. Sample modules and resources will be highlighted. Other outreach activities such as plans for coursework, undergraduate research, design projects, and high school enrichment programs will be discussed.
INTRODUCTION
The Smart Lighting Engineering Research Center (ERC) was created in 2008 at Rensselaer Polytechnic Institute with an overarching goal of developing new technologies and applications that will change the way society uses lighting.
1 To achieve this goal it was quickly recognized that a broad array of academic disciplines would be involved and that the knowledge and skills required for researchers and workers would be multidisciplinary. Since part of the mission of the center is to "Educate a diverse, world-class workforce that will be needed to grow the business of Smart Lighting," educational programs must also be multidisciplinary and must contain both engineering and illumination content. 
CURRICULUM AND MODULE CONCEPT

"Illumineer" curriculum
The need of more lighting and illumination education for engineering students has been a topic of discussion for a number of years. [2] [3] [4] Using this knowledge as background and driven by the needs of the ERC Industry partners as aggressively articulated by the Industrial Advisory Board, the Smart Lighting ERC faculty compiled a list of topics and desired skills needed for students to perform research in the center's laboratories and to become successful engineers and employees in a new Smart Lighting commercial enterprise. This multidisciplinary list of knowledge and required specific skills was categorized and formed into the basic components of what is termed an "Illumineer" curriculum seen in Fig. 1 . Students and faculty from several traditional disciplines, including electrical engineering, physics, mechanical engineering, optical engineering, chemical engineering, materials science and engineering, architecture, health sciences, management, and economics are participants in the Smart Lighting ERC. In fact, topics from each of these disciplines are represented in one or more of the blocks in the curriculum matrix. This curriculum emphasizes topics that will provide a sufficient breadth of lighting and illumination knowledge for a student while they are gaining depth in a particular discipline creating an educational experience to prepare the kind of "T-Shaped" people popularized by Tim Brown of IDEO. 
Educational module concept and motivation
We have chosen to organize this curricular content through the use of educational or learning modules. Each module is designed to be used by an instructor as part of a conventional course, by a student (graduate or undergraduate) as a standalone learning activity, or as a mixture of the two approaches. The materials can be in a variety of forms including structured activities, recorded lectures, statement of required background, learning objectives and activities (experiments, homework, quizzes), bill of required materials and facilities for experiments, course notes and other reading, and activity guides.
The use of modules in higher education has been shown to be effective for motivating student interest in a particular subject. 6 As an example, recently developed courses using classroom modules for undergraduates studying nanotechnology showed that modular instruction positively influenced student's attitude toward the courses. 7 Modular approaches have also been used effectively for optics outreach at the K-12 level. The hands-on-optics (HOO) program is an excellent example of the use of modules for outreach education targeting middle school students. [8] [9] [10] Modules are convenient for instructors providing them with a package of materials available for incorporation into a course, learning activity or outreach program. The modular approach also allows instructors to either pick one topic to provide breadth within a course or choose a set of multiple topics to provide a course with depth for a particular program of study. ERCs are good testbeds for such educational ideas because they are charged to expand and improve education at all member institutions in spite of barriers such as scheduling differences (e.g. quarters vs. semesters), new course approval procedures, etc.
The intended audience for all modules developed by the Smart Lighting ERC is students and faculty in electrical engineering, optical engineering, chemical engineering, materials science and engineering, physics, mechanical engineering, computer science, architectural engineering and architecture with a particular focus on new graduate students working on ERC research. Each module is designed to provide between six to eight contact hours of material. Thus, if seven to eight modules were combined together by an instructor the contact hour time would be equivalent to a complete college course. It should also be possible to adapt most modules for use by all other STEM students at the K-14 & college level as classroom activities and/or outreach activities.
EDUCATIONAL MODULE STRUCTURE
Each module includes several specific documents that provide information to all users. The first document is a summary of the module that includes: title, a short description, reference materials and/or textbooks, list of goals/objectives and/or learning outcomes, anticipated audience, list of prerequisites and/or description of necessary background, and relationship to the "Illumineer" curriculum. This document could also include information needed for educational assessment with items such as identification of standards and learning assessment measures (i.e. ABET metrics). Often a detailed outline or calendar will be included that lists the order for topics to be covered.
The bulk of the module is of course the materials developed including lecture presentation slide sets, homework assignments, experiments, activities, projects, quizzes, etc. Suggestions for teaching methods should accompany these materials. For example, if recorded video lectures are available in a module then students could watch the lecture before a class meeting leaving class time for completing a problem-based-learning group activity. 11, 12 Module developers are strongly encouraged to provide video lectures to provide the maximum possible flexibility for content adopters and adapters and to encourage the use of the 'flipped classroom' that is driving so much positive innovation in STEM education. 13 Probably the most important document is Instructor Reflection. Reflective statements about methods of instruction used, what worked and what did not work, and suggestions for improvement.
NON-IMAGING OPTICS MODULE EXAMPLE AND USE IN A COURSE
Using the non-imaging optics module in a pilot course on illumination
During the spring of 2012 a pilot optical engineering elective (Special Topics in Optics) course on Lighting and Illumination was taught at Rose-Hulman Institute of Technology. The pilot course had six students enrolled whose majors included optical engineering, physics, and electrical engineering. For a portion of the material covered in this course we used a module that we developed on the topic of non-imaging optics. Besides the non-imaging optics module content, the course included aspects of lighting design, human factors in lighting, and color science. It is our intention to further develop the material on color science into a module at a later date. Table 1 shows the summary document that briefly describes the non-imaging optics module and its content. Non-imaging optics is explicitly shown as an element of the "Illumineer" curriculum (see Fig. 1 ). Note that since this course is an elective for an ABET accredited optical engineering program it is important to identify which elements of the accreditation process are covered and these are included in the description.
Non-imaging optics educational module
Short Description
Review of radiometry and photometry for illumination, types of sources used for illumination, etendue, concentration, edge ray design, introduction to design methods, lighting and illumination systems examples and case study.
Prerequisites/Background
Senior/Graduate Student Standing; introductory physics course covering basic optics including reflection and refraction; mathematics courses in differential equations. Introduction to radiometry and photometry would be useful.
Textbook(s)
V. Arecchi, T. Messadi, and R. J. Koshel, Field Guide to Illumination Optics, SPIE Press (2007).
Outcomes
After a successful completion of this module the student will be able to:
• Understand the radiometric and photometric properties of light measurement
• Explain the importance of etendue in non-imaging optics
• Describe the difference between imaging and non-imaging optical systems
• Evaluate basic illumination systems designs using fundamental principles
Topics
A. Radiometry and Photometry
Terms and concepts; radiance, irradiance, luminance, illuminance, intensity; lighting and illumination measurement units.
B. Sources
Source modeling; source measurements; efficiency and efficacy; Types: daylight, LEDs, incandescent, high-intensity discharge, fluorescent.
C. Non-imaging optics
Etendue, concentration, skewness, introduction to design methods, edge ray design, CPC.
D. Illumination systems examples
Light transfer, fibers, lightpipes, mixing rods, displays. Evaluate systems based on illumination requirements. Case study of a particular lighting and illumination application.
ABET Criteria
This course/module primarily addresses ABET criteria a, c, e and k. 
Non-ima
The course w evaluations, are shown in to the course with the spe activity wher clearly illust understandin also opens u lecture on co geometry of concentrator. Exam question on imaging systems, non-imaging systems and etendue 2. Give one example of an imaging system and one example of a non-imaging system used for illumination. Describe how you would compute the etendue for each system and comment on specific parameters one could trade-off in the design.
Instructor reflection on the use of the module and student assessment
Reflecting on the module content, the material on radiometry and photometry could be broken out and expanded into a separate module. All of the students who took the course at Rose-Hulman had already taken a course that formally covered radiometry and photometry. Even with this background the students struggled with some concepts. This difficulty would be compounded for students who did not have any background in radiometry and photometry concepts. The module also needs more homework problems and a class activity on etendue, considering the importance of this concept to illumination. 4 Using a flipped classroom approach might be a good way to further emphasize this topic. The case study assignment worked well but may benefit from developing a template for student's to follow since some instructors and students might not be familiar with this instructional method.
The next time this course is offered all lectures will be videoed so that they will be available for others to use as desired. Actually, the standard module development approach is to first teach the material as a pilot and then video the lectures the second time that the module is offered allowing for a cycle of refinement of the lecture material.
At the end of the spring term all students in the course completed a course evaluation as part of the regular assessment process at Rose-Hulman. In general, all students rated the course either excellent or very good. They also commented that the there was a lot of work for the amount of course credit received. Anecdotally, the students appreciated having a course in illumination. This was well expressed by one student who commented in the course evaluation, "good introduction to illumination and I think that is important because more and more illumination geared companies come to the career fair." Unfortunately, there were no specific student comments on the material associated with the non-imaging optics module. In the future a separate evaluation will be made immediately following the module activities.
The Department of Physics and Optical Engineering at Rose-Hulman uses an established assessment process for all optical engineering courses.
14 One element of this assessment is a competency rating of course outcomes. Student competency of a specific outcome is accomplished by having the instructor identify one or more particular assignments (homework problem, exam question, quiz, class activity, lab report) that demonstrates the outcome and then count the number of students that successfully complete the assignment. Table 2 lists examples of questions (one homework problem and one exam question) used to evaluate student competency for the non-imaging optics module portion of the course. Competency ratings were completed for all outcomes specified in the module outline and all students achieved 100% competency. Table 2 . Sample questions used to evaluate student competency
Student-to-Student Mentoring
OTHER OUTREACH EDUCATIONAL ACTIVITIES RELATED TO SMART LIGHTING AND SUPPORT OF EDUCATIONAL MODULES
Educational outreach by all partner institutions of the Smart Lighting ERC is accomplished through five categories of programs: 1) Undergraduate student research and design experiences, 2) Research experience for teachers, 3) Young scholars programs, 4) Pre-college programs, and 5) General community outreach. A central component of the outreach philosophy is the student mentoring hierarchy as illustrated in Fig. 5 . Each student spends some time working with a younger student or providing support to an outreach program with younger students. Descriptions of two programs are given below. Howard University has offered a six-week Young Scholar summer program for a diverse, under-represented population of 9-10 high school students with strong academic standing for past three summers (2010-2012). The six-week program incorporates basic electronics, soldering, computer networking, mobile studio and introduction to Smart Lighting technology. A sub-set of 3-4 students is identified to participate in a one week residential experience at Rensselaer's Smart Lighting Smart Power Smart System High School enrichment program prior to beginning their research at Howard University.
At Rose-Hulman groups of undergraduate students have been working on Smart Lighting research projects during the summer of 2011 and 2012. One optical engineering student from Norfolk State University participated each summer and in 2012 we had one Young Scholar. Besides their research project work each group developed a video presentation on some topic related to their research project. Five videos were completed in summer 2011 and five more are in preparation during summer 2012. Topics covered include, pn junctions, refractive index, light source characteristics, radiometry and photometry. The videos often include some type of demonstration. All completed video presentations are available for view over the internet 15 and can be used as support to future educational modules using the studentsteaching-students approach.
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